Male sterility in higher plants has been reviewed by Kaul (1988) . Nuclear male sterility in higher plants may include malesterile, female-sterile mutations (Gottschalk and Kaul 1980a,b; Koduru and Rao 1981) or male-sterile, female-fertile mutations (Gottschalk and Kaul 1974; Kaul 1988) . In male-and female-sterile mutants, both microgametogenesis and megagametogenesis are Interrupted as a result of either asynapsis or desynapsis. Several male-sterile and female-sterile lines, designated as st 2 , st 3 , st 4 , and st s , have been described genetically and cytologically in soybean [Glycine max (L.) Merr] (Palmer and Kilen 1987) . All mutations are inherited as single recessive genes and their effect on the development of reproductive cells of male-sterile plants has been presented Palmer and Kilen 1987) .
Immature embryos and cotyledonary nodes have served as explant sources for soybean plant regeneration (Amberger et al. 1992; Barwale and Widholm 1987; Freytag et al. 1989; Lazzeri et al. 1985; Shoemaker et al. 1991; Wright et al. 1986 ). Variation among plants regenerated from tissue culture has been termed somaclonal variation (Larkin and Scowcroft 1981) . observed recessive mutations for putative sterility characters in 2 of 89 families from soybean plants regenerated from cotyledonary node tissue culture. At maturity, all replications of entries Funman (-023) and Calland (-009) contained podless plants. Fertile progeny of these lines had segregation ratios of about 3 fertile: 1 sterile plant. The phenotype of Calland sterile (TC) suggested a male-sterile, female-sterile mutant. The few seeds on the Funman sterile plants are a source of aneuploids (Palmer and Skorupska 1994) . The objectives of this study were to describe the genetics (allelism and inheritance) and the cytology (microsporogenesis and microgametogenesis) of Calland TC.
Materials and Methods

Genetics
Seeds from plants harvested from segregating entries of the Calland TC (Calland -009) were obtained from the Monsanto Agricultural Company (St. Louis, Missouri). Seeds of cv. Calland from the original source that had not been through tissue culture were no longer available from Monsanto. Calland seeds were obtained from Dr. R. L. Nelson of the USDA Agricultural Research Service (Urbana, Illinois). These seeds were from the 1986 harvest. Calland seeds from previous years that were the source of the Monsanto Calland had been discarded (Nelson RL, personal communication) .
Inheritance studies and allelism tests of Calland TC with asynaptic or desynaptic mutants T241H (St^sQ, T242H CSt^Q, T258H (St^sQ, and T272H (St 5 sQ were made by crossing fertile plants in progeny rows segregating for sterility. Progeny tests were conducted to determine the genotype of each parent used in the crosses. Only F, plants from crosses in which both parents were heterozygous for sterility were considered for allelism tests. The F, plants in which heterozygous Calland TC plants were used in crosses with fertile plants (homozygous dominant) of T241, T242, T258, and T272 were used for inheritance studies. The F,, F 2 , and F 3 generations were evaluated for fertility/sterility. The genotypes for the soybean genetic lines and cultlvars are given in Table 1 . Two possible genotypes for Calland are listed. Genetic data are presented that were used to distinguish these two genotypes. As a result of this study, data indicated that Calland TC was heterozygous at one locus, St^, and homozygous recessive at another locus, stySt-,. The Soybean Genetics Committee approved the gene symbols st 6 and st 7 . The curator of the USDA soybean germplasm collection, Dr. R. L. Nelson, assigned genetic type collection number T331H for the Calland TC mutant.
Microscopy
Male-sterile plants were identified by squashing anthers in a solution of iodinepotassium iodide (I 2 K1) (Nelson 1968) . Aborted pollen grains were shriveled, collapsed, and lightly stained, whereas fertile pollen grains were plump and stained red brown. For cytological investigations, individual anthers were dissected from reproductive buds of various ages and prefixed (fixatives I and II): fixative I was a mixture of 2% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M phosphate buffer, pH 7.2, for 2-4 h; and fixative II was 3% glutaraldehyde in the same buffer and time. Fixative II considerably improved cytological preservation. Prefixed anthers were washed in buffer, postfixed in 1% osmium tetroxide in the same buffer system for 1 h, washed with buffer, dehydrated through an acetone series to pure acetone, and infiltrated and embedded in Spurr's resin mixture (hard). Sections 1 jjim thick were cut with glass knives and stained with 1% toluidine blue in 1% sodium borate. Specimens were observed and photographed on a Leitz Dialux-20 microscope equipped with 35mm camera.
For cytological squashes two methods were used: DNA-specific fluorescent dye mlthramycin (Sigma M7393) (Pace et al. 1987) for fluorescence microscopy, and IjKl for bright-field light microscopy. Anthers were fixed with a mixture of absolute ethanol and acetic acid (3:1 v/v). For fluorescence microscopy, anthers at different developmental stages were dissected out and chopped on a glass slide in a few drops of chopping buffer (CB: 45 mM MgCl 2 -6H 2 O, 30 mM trisodium citrate, 20 M MOPS, 1.0 mg/ml Triton X-100, pH 7.0) (Galbraith et al. 1983 ). Five microliters of a mithramycin stock (0.5 mg/ml in water) were added to the slide with CB, coverslipped, and heated at 40°C for a few minutes, then squashed.
Results
Genetics
No sterile F, plants were observed in the allelism crosses between Calland TC and T241H, T242H, or T258H (St^, St, st 3 , St<st 4 , respectively). The F 2 families were either nonsegregating or segregating for sterility in a 3:1 or 9:7 ratio ( Table 2 ). The F 2 ratio of nonsegregating families fit the expected 1:2:1 ratio for nonallelism in all three cross-combinations ( Table 2 ). The segregation data for the F 2 families were homogenous either for 3:1 or 9:7 segregation of fertile:sterile plants (Tables 3-5) . No sterile F, plants were observed in the allelism cross between the tissue culture-derived Calland TC and T272H (St 5 sQ (Table  6 ). The F 2 generation of nonsegregating Calland TC with T272H (segregating) gave families producing all fertile F 2 plants and families segregating 3:1 (Table 6 ). The F 2 generation of segregating Calland TC with T272 (nonsegregating) gave all fertile F 2 plants and families segregating 15:1 (Table  6 ). The F 2 generation of segregating Calland TC with T272H (segregating) gave four phenotypic classes in equal frequencies; all fertile to 3:1 to 15:1 to 45:19 (2.37: 1) ( Table 6 ).
The F 3 generation segregation data of F 2 families that segregated 15:1 are given in Table 7 . The observed segregation fit the expected segregation [7 (all fertile) to 4 (3: 1) to 4 (15:1)]. The F 3 generation segregation data of F 2 families that segregated 2.37:1 are given in Table 8 . The observed segregation fit the expected segregation [7 (all fertile) to 18 (3:1) to 8 (2.37:1) to 8 (9: 7) to 4 (15:1)]. The genetic test for preexisting mutations for sterility in the cultivar Calland is given in Table 9 . In crosses with T272H (StssQ, the F 2 families were all fertile plants or segregating 3:1 (Table 9 ). In crosses of Calland with Calland TC segregating for sterility, the F 2 families were all fertile plants or segregating 3:1 (Table 9 ).
CytologicaJ Studies-light Microscopy
Observations of male-fertile development are presented when direct comparisons with the same stages of male-sterile anther development are warranted. Anther development in male-fertile soybean has been described by Carlson and Lersten (1987) and Palmer et al. (1992) . By the terminology of Albertsen and Palmer (1979), though modified in this study, anther ontogeny is divided into four stages: sporogenous mass stage, meiotic stage(s) (meiocytes, dyads, and tetrads), free microspore stage(s), and pollen stage(s).
Sporogenous mass stage. The earliest difference was the appearance of large, hollow-core nucleoli in the sporogenous mass nuclei of the Calland TC (Figure 1 ). Because of this observation, male-sterile plants can be distinguished from those of male-fertile plants (Figure 2 ) in sectioned anthers before meiosis. During the sporogenous mass stage, the cytoplasmically dense sporogenous cells were surrounded by the tapetal, parietal, endothecial, and epidermal layers, as in normal plants (Figure 1) . Callose walls were initiated around the sporogenous mass cells as the nuclei began to enlarge, signaling DNA synthesis (Figures 3 and 4) .
Meiotic stage(s).
The meiocytes were each completely surrounded by callose and became round ( Figure 5 , Calland TC at metaphase; Figure 6 , normal line at metaphase and anaphase). During the early dyad stage in Calland TC, some lagging chromosomes separated from the spindles and the rest of the chromosomes during postmetaphase (Figures 7-10 ). This resulted in the formation of some male cells with four nuclei, and others with five to eight nuclei, each with generally less than the normal complement of 20 chromosomes (Figure 11 ). During the early tetrad stage, in both the Calland TC (Figures 12  and 13 ) and normal anthers (Figure 14) , cytokinesis occurred centripetally. Walls appeared wavy in Calland TC ( Figures 12  and 13) ; the normal walls were straighter (Figure 15 ). After cytokinesis, only tetrads of microspores were present in fertile anthers, whereas in the Calland TC anthers, tetrads as well as five (pentads) to eight (octads) microspores held together by common callose walls were observed (Figures 16-18 ). At the late tetrad stage, dissolution of the callose around the tetrads and abnormal pentads to octads allowed the microspores to be released into the locule (Figures 19-21) . The sheath of callose, which typically dissolves after the normal late tetrad stage, was sometimes persistent in some Calland TC anther locules (not shown). A few mature Calland TC anthers contained degenerated microspores still encased in callose.
Free microspore stage(s).
The normal microspores enlarged and developed thickened microspore (future pollen) walls (Figure 22) . Their cytoplasms showed an increase in the number of small vacuoles Figure 23) ; some microspores appeared normal and continued to enlarge, forming thickened microspore walls similar to those in the normal line (Figure 23 ).
Pollen stage(s).
Each normal microspore underwent a mltotlc division to form a pollen grain (Figure 24 ). At this time, the tapetum degenerated and the viable pollen grains became engorged with reserves ( Figure 25 ). Also the endothelial cells had elongated radially and developed secondary thickenings both in the normal ( Figure  25 ) and Cailand TC anthers.
The few Cailand TC microspores that did not degenerate (Figure 26 ) or were not still encased in callose (Figure 27 ) also underwent mitosis and filled with reserves ( Figure 28 ). Some of them displayed extensions of their cytoplasm through the pores, indicative of premature germination ( Figure 28 ). The Cailand TC anthers dehisced at maturity, similar to normal anthers ( Figure 28) .
All developmental stages-squashes. Strongly fluorescent DNA was observed in nuclei at all stages of fertile mlcrosporogenesls (Figures 29-33 ) and pollen formation (Figure 34 ). At the meiocyte stage, male-sterile cells (Figures 35 and 36 ) and male-fertile cells were not distinguishable by squash preparations. In male-sterile plants, the occurrence of lagging chromosomes in anaphase I (Figures 37-40 ) and anaphase II (Figures 41 and 42 ) of meiosis was confirmed by squash preparations. At the tetrad stage, deviations in number and size of microspores were corroborated. Additionally, the small foci that resulted from condensation of lagging chromosomes also were detected (Figures 43-46) .
Developmental fate of male-sterile microspores that morphologically resemble genetically balanced microspores from normal plants generally followed the pattern of mitotic division. Normal soybean produces binucleate pollen grains. However, some male-sterile microspores remained unlnucleate (Figure 47 ), while others underwent mitosis to produce abnormal binucleate pollen (Figure 48 ), binucleate pollen similar to that of normal plants (Figure 49 ), and pollen with several nuclei (Figure 50) .
The pollen grains (male cells) in normal anthers were of uniform size and stained densely with I 2 KI (Figure 51 ). The male cells from the male-sterile anthers were variable in size and did not stain with I 2 KI, indicating sterility (Figure 52 ). For the crosses between the two heterozygotes, Cailand TC with T272H (S&Q, four phenotypic segregation patterns were evident in the F 2 generation. These results are expected if two segregation patterns [3:1 for locus 1 (St^Q and 3:1 for locus 2 with locus 3 homozygous recessive f,) and the genotype st^tfStTStj is sterile] are combined through cross-pollination. The F 3 segregation data from 15:1 F 2 families and from 45:19 (2.37:1) F 2 families confirmed that three loci were segregating, that Cailand TC sterile is nonallelic to sf 5 , and that Cailand TC sterile is controlled by two loci. Allelism tests of T272H (StssQ with T241 (St^Q, T242 (StJQ, and T258 (St^SQ indicated that a single recessive gene in T272H was responsible for sterility (Palmer and Kaul 1983) . The present results with T272H are consistent with the results of Palmer and Kaul (1983) for T272H.
Chromosome rearrangements in cultured cells and regenerated plants are known in many species and may be due to late-replicating heterochromatin, activation of cryptic transposable elements, changes in copy number, gene amplification, DNA methylation changes, etc. (Brown and Lorz 1986; Lee and Phillips 1988) . No reports in the literature have been found in which two alleles of a single locus were changed or one allele of another locus changed that was part of a duplicate-factor inheritance pattern during tissue culture or through the regeneration process. The genetic test for a preexisting mutation for sterility in the cultivar Calland did distinguish (1) between a preexisting homozygous recessive condition at one locus, and (2) that both alleles at one locus simultaneously were changed to the recessive state, and that only one allele at a second locus was changed to the recessive form. The present data support the hypothesis that Calland was homozygous recessive at one of the two loci (S/TS/ 7 ) responsible for the duplicate-factor inheritance sterility and was homozygous dominant at the other locus (StgSQ.
The results confirm that genetic types T241H, T242H, and T258H are homozygous recessive at one of the two loci (5/TS/ 7 ) and homozygous dominant at the other locus (StJSQ that is responsible for sterility in Calland TC (Sf^eSW)-In addition, T272H is homozygous dominant (S^eSfjS/,) at both loci that are responsible for sterility in Calland TC. These proposed genotypes explain the 3:1 and 9:7 segregations for fertility: sterility of Calland TC with T241H, T242H, and T258H and the 3:1, 15:1, and 2.37:1 segregations for fertility:sterility of Calland TC with T272H.
Cytology
The appearance of hollow-core nucleoli in the Calland TC sporogeneous mass cells was the first obvious difference that separated it from normal male cells. What this difference means developmentally Is not known.
In soybean, five synaptic mutants, st u st 2 , st 3 , st t , and st 5 , have been identified (Hadley and Starnes 1964; Owen 1928; Palmer 1974; Palmer and Kaul 1983; Winger et al. 1977) , but the st, genetic stock no longer exists. Male and female sterility, which results from abnormal chromosome number due to asynapsis or desynapsis, is characteristic of synaptic mutants (Gottschalk and Kaul 1980a,b; Koduru and Rao 1981) .
Homologous chromosome pairing and separation at the metaphase plate during meiosis in fertile soybean plants is complete. Homologous chromosome pairing in most sterile soybean plants is variable during pachytene, but at diakinesis there are major differences in chromosome pairing between sterile and fertile plants (Palmer and Kaul 1983) . The observations with the Calland TC show that the abnormalities occur during anaphase I and anaphase II when chromosome separation is abnormal; some individual chromosomes separate from the spindles with the majority of chromosomes, sometimes leading to the formation of four but usually to five to eight nuclei. The result is the production of genetically unbalanced nuclei and abortion of the male cells later in microsporogenesis or early microgametogenesis. Lagging chromosomes have been reported in meiotic studies of microsporogenesis in male-sterile, female-sterile plants of the soybean cv. KS synaptic mutant (Skorupska and Palmer 1987) . Maleand female-sterile synaptic mutants give rise to gametophyte cells with abnormal chromosome numbers because of loss or gain of chromosomes (Burnham 1962; Onset 1943; Koller 1938; Lesley and Frost 1927) . Megasporocytes with abnormal chromosome numbers also have been reported in plants of the sterile cv. KS mutant (Benavente et al. 1989 ). Koller (1938) reported "micronuclei" in the pollen mother cells of asynaptic mutants of Pisum satiuum due to random behavior of chromosomes after meiosis II. These chromosomes tended to aggregate into either small nuclei or microspores with differing chromosome numbers so that the number of microspores arising from each pollen mother cell varied from three to eight. In soybean, micronuclei have been reported during microsporogenesis of synaptic mutants (Palmer 1974; Palmer and Kaul 1983) .
Some of the male-sterile and female-fertile soybeans, such as ms, and ms t , show that cytokinesis following telophase II is absent, partial, or abnormal in some other way, resulting in cells with different numbers of nuclei (Albertsen and Palmer 1979; Beversdorf and Bingham 1977; Chen et al. 1985; Cutter and Bingham 1977; Delannay and Palmer 1982; Graybosch and Palmer 1985b; Kennell and Horner 1985) . Many male-sterile systems are expressed during the tetrad stage, either by suppressing pollen wall formation (Horner 1977) or leading to abnormal pollen wall formation (Audran and Bouillot 1981; Graybosch and Palmer 1985a,b) . In Calland TC, microspore mitosis did occur inasmuch as binucleate cells were evident. Some sterile anthers had shriveled pollen grains that were reduced in size similar to that observed with soybean mutant T277H (Buss 1983) . At the mature pollen stage, sometimes only degenerated cells were present within the locules of male-sterile plants, whereas in male-fertile plants pollen grains were engorged with starch and lipids. Some microspores lost their cytoplasm and formed atypical pollen grains. Microspores in some collapsed locules were highly degenerated and aborted while still enclosed in callose. Similar observations were reported for ms 2 and ms 4 by Graybosch and Palmer (1985a,b; . Following microspore mitosis, some young pollen grains partially filled with reserves before they degenerated. Pollen grains from sterile plants varied greatly in size and were characteristic of synaptic mutants (Gottschalk and Kaul 1980a,b; Koduru and Rao 1981) . Some of the pollen grains appeared normal In the Calland TC.
Calland TC showed other differences in contrast to previously identified soybean male-sterile mutants regarding morphology of tapetal layer, callose dissolution, and microspore wall formation [see for a review]. Calland TC tapetal cells developed normally and callose dissolution occurred at the normal time, but sometimes was not complete. Even at later stages, degenerated microspores showed fully developed microspore walls.
These results indicate that Calland TC, derived from tissue culture, exhibits features both similar to and different from the other already identified spontaneous male-sterile soybean mutants. The main result of desynapsis is the formation of nuclei containing abnormal numbers of chromosomes. The resulting abnormal cells are capable of forming microspore pollen walls before they degenerate prior to and following microspore mitosis.
